Metallo-β-lactamases have raised concerns due to their ability to hydrolyze a broad spectrum of β-lactam antibiotics. The G262S point mutation distinguishing the metallo-β-lactamase IMP-1 from IMP-6 has no effect on the hydrolysis of the drugs cephalothin and cefotaxime, but significantly improves catalytic efficiency toward cephaloridine, ceftazidime, benzylpenicillin, ampicillin, and imipenem. This change in specificity occurs even though residue 262 is remote from the active site. We investigated the substrate specificities of five other point mutants resulting from single nucleotide substitutions at positions near residue 262: G262A, G262V, S121G, F218Y and F218I. The results suggest two types of substrates: type I (nitrocefin, cephalothin and cefotaxime), which are converted equally well by IMP-6, IMP-1, and G262A, but even more efficiently by the other mutants, and type II (ceftazidime, benzylpenicillin, ampicillin, and imipenem), which are hydrolyzed much less efficiently by all the mutants, with IMP-1 being the most active. G262V, S121G, F218Y, and F218I improve conversion of type I substrates, whereas G262A and IMP-1 improve conversion of type II substrates, indicating two distinct evolutionary adaptations from IMP-6. Substrate structure may explain the catalytic efficiencies observed. Type I substrates have R 2 electron donors, which may stabilize the substrate intermediate in the binding pocket and lead to enhanced activity. In contrast, the absence of these stabilizing interactions with type II substrates may result in poor conversion and increased sensitivity to mutations. This observation may assist future drug design. As the G262A and F218Y mutants confer effective resistance to Escherichia coli BL21(DE3) cells (high minimal inhibitory concentrations), they are likely to evolve naturally.
3 β-lactamases hydrolyze β-lactam antibiotics and thereby allow survival of pathogenic bacteria challenged by treatment with these agents.
Metallo-β-lactamases (MBLs), also known as class B β-lactamases (Ambler 1980) , contain one or two zinc ions and are important components of this antimicrobial defense mechanism. They have become a severe clinical problem due to their broad substrate spectra and potential for horizontal transference (Laraki et al. 1999; Lauretti et al. 1999; Franceschini et al. 2000; Iyobe et al. 2000; Livermore and Woodford 2000) .
Class B has been further divided into the three subclasses B1 to B3 based on primary structure, and a general numbering scheme has been suggested ), which will be used throughout this paper. Subclass B1 is the most intensely investigated, and the structures of four of its members have been solved, either as free enzymes or enzyme-inhibitor complexes (Carfi et al. 1995; Concha et al. 1996; Concha et al. 2000; Garcia-Saez et al. 2003) .
A detailed catalytic mechanism has been proposed for the hydrolysis of nitrocefin (NIT) by CcrA, a binuclear zinc enzyme from Bacteroides fragilis (Wang et al. 1999) . A zinc-bound hydroxide acts as a nucleophile and attacks the carbonyl carbon of the β-lactam. Cleavage of the amide bond yields an anionic intermediate, which is stabilized by coordination of the resulting carboxylate to Zn1 and the anionic nitrogen to Zn2. The anionic nitrogen is then protonated to form the product; the protonation is the rate-limiting step in the catalytic cycle. Mutational analyses (Yang et al. 1999; Haruta et al. 2000; Yanchak et al. 2000; Haruta et al. 2001; Materon and Palzkill 2001; Carenbauer et al. 2002; de Seny et al. 2002; Huntley et al. 2003; Hall 2004 ), NMR studies (Scrofani et al. 1999; Huntley et al. 2000; Huntley et al. 2003) , and molecular modeling (Salsbury et al. 2001; Antony et al. 2002; Suarez et al. 2002a; Suarez et al. 2002b; Oelschlaeger et al. 2003a; have provided additional information on the structure and dynamics of these binuclear MBLs.
It is not clear whether all substrates form an anionic intermediate as NIT (Fast et al. 2001 , Moali et al. 2003 . However, based on the following observations, a role of the anionic intermediate for other substrates seems reasonable: (1) benzylpenicillin (PEN) and cephaloridine (LOR) were converted 4 less efficiently by an engineered mononuclear mutant of the binuclear CcrA (k cat /K M were 6% and 5% of the wild type k cat /K M s). This decrease in catalytic efficiency is similar to that observed with NIT (k cat /K M was 3% of the wild type k cat /K M ) (Fast et al. 2001) . The most likely way that the binuclear enzyme increases k cat /K M compared to the mononuclear enzyme is by stabilizing the intermediate and thus decreasing the energy barrier of the overall reaction.
(2) We were able to model the binuclear imipenemases IMP-1 and IMP-6 in complex with anionic intermediates of the four cephalosporins cephalothin (CEF), cefotaxime (CTX), LOR, and ceftazidime (CAZ) in unconstrained MD simulations (Oelschlaeger et al. 2003b) .
Although the evolutionary pathways that led to improved catalytic efficiency toward β-lactam antibiotics among binuclear enzymes are not completely clear, valuable insights can be obtained by comparing the substrate profiles of existing MBL variants, e.g., the imipenemases IMP-1 to IMP-13 (Docquier et al. 2003; Toleman et al. 2003) . Thus, Iyobe et al. proposed that IMP-3 evolved into the more efficient enzyme IMP-1 via only two mutations (Iyobe et al. 2000) . It has also been suggested that merely changing residue 262 of IMP-6 from glycine to serine (IMP-1) stabilizes the anionic intermediate of certain β-lactam substrates bound to the protein, thus enhancing catalysis (Oelschlaeger et al. 2003b ).
In addition to naturally occurring variants, artificial mutants can reveal alternate evolutionary pathways to improved catalytic efficiency. Directed evolution methods have been applied to screen for improved serine β-lactamases (Orencia et al. 2001; Voigt et al. 2002) and MBLs (Ponsard et al. 2001; Hall 2004) . A method combining computational and experimental screening has been used to generate TEM-1 (class A) variants with increased resistance (Hayes et al. 2002) . Focusing on conserved positions in the active site, a mutational study of IMP-1 identified residues essential for efficient zinc binding , which was confirmed by crystallography (Concha et al. 2000) : Zn1 is coordinated by H116, H118 and H196, and Zn2 is coordinated by D120, C221, and H263. Also, conserved residues were tested for their role in substrate binding: while K224 was found to be important, N233 could be mutated without significant loss of activity (Haruta et al. 2001) . These findings were supported by molecular dynamics simulations (Oelschlaeger et al. 2003a ).
Materon and Palzkill took these studies further and randomized IMP-1 codons to create a library that allowed all possible amino acid substitutions at all positions in and near the active site (Materon and Palzkill 2001) . In addition to confirming essential residues, this approach revealed that many other positions in the active site could tolerate amino acid substitutions; the N233A mutant even converted the investigated substrates more efficiently.
Using site-directed mutagenesis, Moali et al. recently reported that the importance of a flexible loop covering the active site depends on the nature of the substrate (Moali et al. 2003) .
While previous reports focused on the active site, we explored the impact of remote mutations on substrate specificity. The G262S point mutation distinguishing IMP-1 from IMP-6 results in significantly improved catalytic efficiency toward LOR, CAZ, PEN, ampicillin (AMP), and imipenem (IMP) (Iyobe et al. 2000) . This change in specificity occurs even though S262 does not ligate the zinc ions and is not in contact with the substrate. Molecular dynamics simulations suggest that this effect occurs indirectly via a domino effect in which the neighboring H263 is rendered less flexible, thus stabilizing the enzyme-substrate intermediate complex for these substrates and enhancing catalytic activity (Oelschlaeger et al. 2003b) . In this study, we explore this possibility further by determining the impact of other point mutations in the vicinity of position 262 that are also remote from the active site. We restricted mutants to those that could occur via single nucleotide substitutions, thus focusing on IMP-6 variants that can evolve naturally. All mutants showed altered substrate spectra, some exhibiting significantly improved catalytic efficiencies toward certain substrates. Possible mechanisms for these observations are discussed.
Results

Selection of MBL mutants
To assess whether other point mutants could have an impact similar to the G262S mutation in IMP-1, three additional residues in this region were selected for mutagenesis: K69 and S121 are both within 6 Å of the S262 Oγ and Zn2; F218 is behind the S262 side chain relative to Zn2 and H263. As with S262, these positions are remote from the active site; they do not coordinate the zinc ions or have direct contact with the substrate. We restricted the amino acid substitutions to those that could be achieved by mutating a single nucleotide; a total of 24 fit this criterion; 12 of these result in an altered charge or a cysteine and were excluded to avoid disturbance of the active site. Multiple molecular dynamics (MD) simulations with different starting conditions were performed on the remaining 12 mutants in complex with the CAZ intermediate to predict their catalytic efficiency as reported (Oelschlaeger et al. 2003b) . Five mutants, which obtained the highest stability scores based on the number of simulations with stable enzyme-substrate intermediate complexes (data not shown), indicating relatively high catalytic efficiencies, were chosen for experimental validation: S121G, F218Y, F218I, G262A, and G262V (Fig. 1) . The MD study will be published elsewhere.
Expression and biophysical characterization
All enzymes were expressed well upon isopropyl-β-D-thiogalactopyranoside (IPTG)-induction (~50% of total cell protein as estimated from SDS-PAGE). A fair amount of IMP-6, IMP-1, G262A, and F218Y was found in the soluble fraction, indicating good folding behavior in vivo, whereas G262V and S121G folded less efficiently (Table 1 ). Due to even less efficient folding, the amount of purified protein obtained for mutant F218I was insufficient to determine its zinc occupation (only 150 nM after purification). Circular dichroism spectra of the purified mutant and wild type enzymes were superimposable and characteristic of proteins containing α-helices and β-sheets (data not shown), indicating that the secondary structures are comparable and consistent with the αββα fold typical for metallo-β-lactamases (Carfi et al. 1995) . Two zinc ions are bound per protein molecule for all enzymes except mutant S121G, which contains three zinc ions (Table 1) .
Kinetic constants
When purified enzyme at low concentrations was not protected, enzymatic activity decreased after incubation at temperatures between 4 and 37 °C and especially after freezing and thawing (data not shown). In agreement with previous reports (Laraki et al. 1999 , Siemann et al. 2002 , loss of activity could be avoided by adding bovine serum albumin (BSA) after purification.
Activity profiles of the wild-type and mutant enzymes were generated with The activities of the wild-type and mutant enzymes toward each of the substrates are compared in Fig. 4 and Table 2 . The activity profiles suggest two types of substrates: type I (NIT, CEF, and CTX) and type II (CAZ, PEN, AMP, and IMP). For type I substrates, F218I is always the most efficient enzyme (5-to 10-fold over wild types), followed by G262V, S121G, and F218Y
(about 2-to 4-fold over wild types). IMP-6, IMP-1 (G262S), and G262A are all 8 about the same and are the least efficient. In contrast, for type II substrates, IMP-1 is always the most efficient enzyme, followed by G262A, then NIT for mutants S121G and F218Y (see Table 2 ). Best fits were obtained by setting the number of unproductively bound substrate molecules to one. The inhibition constants K i were 146 μM for F218Y and 54 μM for S121G.
Effect of MBLs on susceptibility in vivo
In order to test how the measured catalytic efficiencies translate to antibiotic resistance conferred to E. coli BL21(DE3) host cells, minimum inhibitory concentrations (MICs) were determined following a recently published method (Hammond et al. 1999) (Table 3) . IMP-6, IMP-1, G262A, F218Y, and S121G all confer high resistance levels toward the type I substrates CEF and CTX (at least 64-fold compared to cells lacking MBL expression), whereas G262V and F218I only confer 4-to 16-fold resistance level. NIT could only be applied at low concentrations (up to 128 μg/ml) due to poor solubility. All cells including the control cells grew at these concentrations. For type II substrates, cells expressing IMP-1 exhibit the highest resistance levels, followed by those expressing G262A, IMP-6, F218Y, and S121G. G262V and F218I
confer either no or only up to 4-fold increased resistance levels. In general, the increase in resistance levels toward CAZ is very low (at the highest 4-fold) or not detectable.
Discussion
Catalytic efficiencies
The results of this study confirm our previous observations (Oelschlaeger et al. 2003b ) and suggest that there are two types of substrates: type I (NIT, CEF, and CTX), which are hydrolyzed equally by IMP-6 and the G262S mutant IMP-1, and type II (CAZ, PEN, AMP, and IMP), which are hydrolyzed much more efficiently by IMP-1 (Iyobe et al. 2000) . The G262A mutant exhibits a similar activity profile as IMP-1. We expected that the G262V mutation would also have no impact on hydrolysis of type I substrates, and that mutations more distant from the active site (S121G, F218Y, and F218I) would be equally ineffective.
Surprisingly, these mutants all hydrolyze type I antibiotics much more efficiently than IMP-6, IMP-1, and G262A, in spite of their poor capability to hydrolyze type II substrates. The structural features of the two substrate groups may explain the differences observed as described in the domino effect model (Oelschlaeger et al. 2003b ): type I β-lactams (NIT, CEF, and CTX) have an electron donor R 2 side chain ( Fig. 2) and are stabilized by residues around the binding pocket, especially the N233 backbone amide. Thus, the R 2 groups are kept away from H263 and do not interfere with its ability to ligate Zn2 (Concha et al. 2000) and stabilize the substrate-intermediate complex (Wang et al. 1999 Thus, the binding of Zn2 to the enzyme is very likely not affected.
Conversion of type II substrates
The flexibility of H263 may explain the increasing efficiencies of IMP-6, G262A, and IMP-1 with type II substrates. In IMP-6, H263 is relatively flexible (Oelschlaeger et al. 2003b ) since glycine at position 262 provides little support; therefore, type II substrates can move H263 and disrupt its ability to ligate Zn2. However, if we replace glycine 262 with alanine, the methyl side chain improves packing and provides more support for H263, which decreases its flexibility and improves catalytic efficiency. IMP-1 decreases H263's flexibility even further, since S262's hydroxymethyl group not only provides improved packing, but also interacts electrostatically with K69; this interaction positions the neighboring P68's carbonyl oxygen to form a hydrogen bond to H263's Nδ (Oelschlaeger et al. 2003b ). However, the larger isopropyl side chain in G262V apparently is too bulky, since this mutant was the least active for type II substrates. Instead of being supported by the valine side chain, H263 may be forced into the binding pocket. H263 could then push on type II substrates, which are not stabilized by the N233 backbone amide, and dislocate them so the substrate's anionic nitrogen cannot bind efficiently to Zn2. The S121G mutant was 2-to 4-fold less active than IMP-6. Replacing a serine with glycine at this position may decrease support of the Zn2 ligands H263 and D120, leading to even greater instability of the enzyme-substrate intermediate complex. The catalytic efficiency of F218Y was comparable to IMP-6, suggesting that the additional hydroxyl group has no effect. The mutant F218I was less active than either IMP-6 or F218Y. The F218I mutation might lead to overpacking under the pressure of type II substrates due to the Cβ-branched isoleucine or indirectly affect Zn2 coordination by C221, which is separated from position 218 by only two glycines.
Conversion of type I substrates
Surprisingly, the F218I mutation was the most beneficial for type I
substrates. In this case, the substrates are stabilized by the N233 backbone amide and do not push toward H263 and the region beyond it, so that now altered packing or the indirect effect via C221 could result in improved 11 stability of the enzyme-substrate intermediate complex, and enhanced catalytic activity. Merely adding a hydroxyl group with F218Y leads to less dramatic improvement. The S121G mutation also had a beneficial effect on the hydrolysis of type I substrates. When the R 2 side chains do not interact with H263, it is feasible that the increased flexibilities of H263 and D120 conferred by the S121G mutation stabilize the active site by allowing Zn2 to turn and obtain better coordination geometry. G262V also showed improved activity, perhaps by moving H263 into the substrate binding pocket and allowing tighter binding of the substrate intermediate. As observed for the two wild types IMP-6 and IMP-1, the G262A mutant had no effect on hydrolysis of type I substrates. This is not surprising since alanine is structurally intermediate to glycine
(IMP-6) and serine (IMP-1).
Substrate inhibition
Substrate inhibition kinetics was observed for mutants S121G and F218Y with NIT, but not for any of the other substrates tested. The molecular basis for this phenomenon is not clear and the nature of the inhibiting agent cannot be determined, yet. As good fits were obtained by setting the number of unproductively bound molecules to one, either the β-lactam substrate, the anionic intermediate, or the β-amino acid product could inhibit the enzyme.
However, as we do not know that, yet, we refer to this phenomenological observation as substrate inhibition, according to the report of Simm and coworkers (Simm et al. 2001) . At this point, it is noteworthy that the S121G mutant binds three zinc ions per molecule, as determined with the PAR assay, while F218Y only binds two zincs. The K i of mutant S121G is three-fold lower than that of F218Y. The third zinc ion may interact electrostatically with the conjugated Π-electron system of the negatively charged NIT intermediate (Wang et al. 1999; Fast et al. 2001) , binding the substrate intermediate more tightly and resulting in substrate inhibition. The fact that none of the other substrates tested have such an extensively conjugated Π-electron system may explain why they did not exhibit substrate inhibition kinetics. CcrA is another MBL with nearly identical active site residues and geometry as IMP-6
and IMP-1 (Concha et al. 1996) . However, in addition to two zinc ions, it has a sodium ion at the position corresponding to IMP-6's K69 Nζ (in CcrA, residue 69 is a serine). CcrA's sodium ion is coordinated by the two backbone carbonyls of N70 and D120 and the D84 carboxylate. IMP-6 has the same potential ligands for a third metal ion: the D84 carboxylate and the backbone carbonyls of H70 and D120 (Concha et al. 2000) . However, in IMP-6, the D84 carboxylate is not available, since it interacts with the hydroxyl of S121.
Glycine at this position in mutant S121G could allow the D84 carboxylate to coordinate a third zinc ion. The third zinc ion could increase electrostatic interactions with the substrate and explain why this mutant shows substrate inhibition kinetics with NIT while the other mutants do not. The ability of S121G to unproductively bind a substrate intermediate may prove useful in that it could facilitate crystallization and allow determination of the first MBLsubstrate intermediate complex structure.
The substrate inhibition observed with F218Y and NIT is more difficult to explain because only two zinc ions were observed for this mutant with the PAR assay. One possibility is that the hydroxyl group of Y218 provides a ligand for a third zinc ion, which could be bound during kinetic measurements.
However, the affinity of the third zinc ion may be so low that it dissociates during dialysis against zinc-free buffer and is therefore not observed with the PAR assay.
In vivo resistance levels
MICs reflect not only catalytic efficiencies, but also expression levels, folding behavior and accessibility of the enzymes by the substrate within the E. coli cells. The well-folding mutants G262A and F218Y (Table 1) confer resistance to type I substrates similar to the wild types, whereas for the less efficiently folding mutants the MICs are slightly (S121G) or significantly (F218I and G262V) lower ( Table 3 ). Note that although F218I
folded significantly less efficiently than G262V, it confers a higher resistance level, consistent with the high catalytic efficiencies measured (Table 2 and Fig. 4) . The observation that the MICs with F218Y were not higher than e.g. with IMP-6 as observed for catalytic efficiencies, can be explained by the fact that these catalytic efficiencies are extremely high and other factors such as transport or diffusion of the substrate molecules within the cell may become rate-limiting.
For most of the type II substrates (PEN, AMP, and IMP), the observed MICs can also be explained by the catalytic efficiencies (Table 2 and Fig. 4) and in vivo folding (Table 1) . Among the well-folding IMP-6, IMP-1, G262A, and F218Y, IMP-1 always confers the highest resistance, followed by G262A, IMP-6, and F218Y. The lower MICs for the other mutants may be explained by lower catalytic efficiencies (S121G and G262V) and less efficient in vivo folding (F218I). Although generally very low compared to the control cells, resistance levels toward CAZ are also highest with IMP-1, followed by G262A and IMP-6.
For the other mutants they cannot be distinguished from the control cells. 
Implications for imipenemase evolution and drug design
The data presented here suggest two different strategies that bacteria might adopt to achieve antibiotic resistance through improved MBL activity. In IMP-6, type II substrates (CAZ, PEN, AMP, and IMP) push toward H263, disturbing its coordination to zinc and decreasing the stability of the enzyme-substrate intermediate complex and the transition state. Catalytic efficiency toward these substrates can be improved by enhancing the support of H263 provided by residue 262. The linear side chains of serine and alanine at this position provide more support than IMP-6's glycine, resulting in improved activity; however, valine's branched side chain is unfavorable. Thus, a fine balance between underpacking and overpacking appears to be required. The fact that all mutations at the more distant positions 121 and 218 had either no effect (F218Y) or a negative effect (S121G and F218I) on the conversion of type II substrates suggests that this region is already highly optimized for these substrates. This is in agreement with a recent in vitro evolution study, which predicts that IMP-1 will not evolve to confer increased resistance to IMP (Hall 2004) .
Support of H263 is not crucial for the hydrolysis of type I substrates (NIT, CEF, and CTX) because these substrates do not exert pressure on it. All It is noteworthy that all point mutants selected for experimental validation based on molecular modeling (data not shown) had increased catalytic efficiencies toward at least one substrate compared to the wild type IMP-6 and in four cases even compared to the improved IMP-1. Positions 121 and 218 are strictly conserved in IMP-1 through IMP-13 (Docquier et al. 2003; Toleman et al. 2003) , which might lead to the assumption that these enzymes do not tolerate or benefit from mutation at these positions. We have shown that such an assumption is incorrect. Materon and Palzkill have also found active IMP-1 mutants with mutations in conserved positions, including N233A, which was superior to IMP-1 in the conversion of AMP, NIT, CTX, and LOR (Materon and Palzkill 2001) .
The same amino acids we tested in our mutants appear at structurally identical positions in other wild-type MBLs, indicating that these mutations are not deleterious and may be beneficial. Tyrosine is found at position 218 in the B1 enzyme VIM-1 (Lauretti et al. 1999) , the B2 enzymes CphA (Massidda et al. 1991) and Sfh-I (Saavedra et al. 2003) , and the B3 enzymes L1 (Walsh et al. 1994 ) and THIN-B . Isoleucine is found at the same position in the B3 enzymes FEZ-1 (Boschi et al. 2000) and GOB-1 (Bellais et al. 2000) , and valine has been reported at position 262 in the B3 MBL THIN-B . Our mutants are all accessible by single nucleotide exchanges and all except F218I express and fold well. These findings indicate that there is tremendous evolutionary potential for MBLs to enhance catalytic efficiency. We propose that yet unidentified imipenemase variants carrying some of these mutations might exist and be isolated from patients in the future. This may be especially true for G262A and F218Y, which resulted in enzymes with good folding properties (Table 1) , broad in vitro substrate spectra (Table 2 and Fig. 4 ) and the ability to confer high resistance levels in vivo (Table 3 ).
The lowest MICs were observed with CAZ and IMP ( Table 3 ), indicating that their structural features, i.e. positively charged and non-electron-donor R 2 side chains, should be considered when designing novel β-lactam antibiotics.
Materials and methods
Expression and purification
The IMP-1 gene was cloned into the pET30a(+) plasmid in a way that the leader sequence was deleted, resulting in pIMP-1 for cytoplasmic expression of the enzyme under control of the T7 promoter (Hammond et al. 1999) . (Table 1) were estimated by comparing the intensity of the ~25 kDa band in the soluble fraction with the corresponding band in the insoluble fraction after applying equivalent volumes to SDS-PAGE. Mutants G262A and F218Y had the highest yield of soluble protein (50%) and F218I had the lowest yield (2%). MBLs in the soluble fractions were purified to homogeneity by ion exchange chromatography using a salt gradient from 0 to 500 mM sodium chloride and gel filtration. Per one liter of culture, between 20 and 100 ml of purified protein solution was recovered. Protein masses were verified by electrospray ionization mass spectrometry, and protein concentrations were determined in triplet using the Bio-Rad Protein Assay kit with BSA as standard (Table I) . Mutant G262A was expressed, purified, and its protein concentration was measured twice. Thus, the protein concentration of G262A shown in Table 1 represents the average ± the standard deviation of six measurements (two sets of triplicates).
Biophysical Characterization
Circular dichroism spectra were collected after dialysis of the purified enzymes against zinc-free 50 mM sodium phosphate buffer, pH 7.0. Depending on the protein concentration, 3 to 10 scans from 250 to 190 nm were averaged. The zinc content of the MBLs was determined using the 4-(2-pyridylazo)resorcinol (PAR) assay as reported (Fast et al. 2001) , except that MOPS buffer was used instead of HEPES buffer. Protein concentrations in the dialyzed samples were determined using the Bio-Rad Protein Assay kit with BSA as standard. Both preparations of G262A were assayed.
Kinetic constants
To protect enzymes from denaturation, 100 μg/ml BSA was added to purified proteins directly after gel filtration. Kinetic constants were obtained for the following substrates: PEN, AMP, CEF, CTX (Sigma), NIT (Oxoid), CAZ (Glaxo Smith Kline), and IMP (Merck). Enzymes were diluted in MOPS buffer, pH 7.0, containing 100 μM zinc sulfate and 10 μg/ml BSA and preincubated at 30 °C.
Substrate was added at different concentrations and initial velocities were determined by measuring formation of product (for NIT) (Wang et al. 1999) or degradation of substrate (for all other substrates) (Laraki et al. 1999 ) at 30 °C, using the published wavelengths and extinction coefficients. Three series of measurements were carried out for each enzyme preparation (two preparations for G262A and one for all other enzymes). k cat and K M values were calculated by fitting the data to the Michaelis Menten equation or to a modified version that accounts for substrate inhibition (Simm et al. 2001) for each series.
k cat /K M values were determined independently for each series and the data shown in Table 2 .
Susceptibility assay
MICs were determined by adding β-lactam antibiotics at different concentrations to 1:20 dilutions of over-night cultures of E. coli BL21(DE3) cells harboring the plasmids for expression of MBLs in LB medium containing 30 μg/ml kanamycin (Hammond et al. 1999 ). This assay was carried out in a 96-well-plate format without IPTG induction, thus taking advantage of the not very tightly regulated T7 promoter. MICs were defined as the lowest antibiotic concentration that inhibited growth visible under a stereomicroscope with 25-fold magnification. E. coli BL21(DE3) transformed with the plasmid pNEG served as a negative control. pNEG is a derivative of pIMP-1, of which the major part of the IMP-1 gene was excised using HindIII. (Simm et al. 2001) . Values for this study are the means ± standard deviations of at least three determinations.
a Values reported by Iyobe et al. (Iyobe et al. 2000) b Values reported by Materon and Palzkill (Materon and Palzkill 2001) .
c Values reported by Siemann et al. (Siemann et al. 2002) . 
